Piezoelectric thin films have existing and promising new applications in microwave filter technologies. The final performance depends on many parameters, and very specifically on the materials properties of each involved material. In this article, materials and properties for thin-film bulk acoustic wave resonators are discussed on some selected issues: the piezoelectric coefficients and acoustic losses of AlN, the relation of the first one with microstructural parameters, the inclusion of parasitic elements, and the merits of and problems with ferroelectric materials. 
I . I N T R O D U C T I O N
The wurtzite materials AlN and ZnO are currently the only piezoelectrics that are used in thin-film form for microwave applications in the 1-10 GHz range. They combine good piezoelectric properties with excellent acoustic qualities, and grow most easily in the optimal film orientation for RF filter applications. In addition, they can be synthesized by sputter deposition, a plasma method allowing for low processing temperatures. According to Hickernell [1] , efforts to grow ZnO thin films go back to around 1965; good-quality films were obtained in the mid-to late 1970s, mostly by sputtering [2, 3] , but also by CVD [4] . Besides electro-acoustic applications, optical applications [4] were also investigated. The potential of these films for RF filtering with bulk acoustic waves (BAWs) was soon discovered [5] [6] [7] . Such devices are composed of several electromechanical resonators, commonly called thin-film bulk acoustic resonators (TFBARs), which are based on standing bulk waves trapped in a film slab, as sketched in Fig. 1 , whereby film thickness defines the frequency of resonance. In these early years, ZnO was much more frequently investigated than AlN. Insufficient vacuum in the deposition tools at this time is certainly one of the reasons, because nitrides require much better vacuum conditions than oxides. In addition, the target applications had frequencies in the ultra-high frequency range (television), requiring a film thickness of several micrometers. This is not ideal for a material such as AlN that tends to create immense mechanical stresses, and also exhibits a very high sound velocity requiring almost twice as thick layers as with ZnO. Anyhow, the time was not yet ripe for TFBARs. Surface acoustic wave (SAW) devices based on piezoelectric single crystals such as quartz, LiNbO 3 , and LiTaO 3 were and are much more practical in the frequency range below 1 GHz. SAW filter production was much less demanding, once single-crystal wafers of these materials were available. TFBARs had to wait until the mid-1990s for the first industrial activities [8, 9] . Sputter sources and industrial-type vacuum systems were considerably improved in the meantime, MEMS technology was already at a suitable development stage, and then the application was ready as well: mobile communication. Especially the second generation with carrier frequencies around 2 GHz was and still is ideal for TFBARs, because the required thin-film thickness is in a reasonable range. After the year 2000, TFBAR filters for mobile phones entered industrial production on a larger scale, first as membrane structures [10] and later also with acoustic reflectors [11, 12] . BAW filters are especially suited to obtain passbands with very sharp drops to large rejection at the band edge, as is possible with the so-called ladder filter design. This is the desired property for duplex filters. They provide RF filtering on the Rx and Tx bands, while keeping a minimal frequency separation between the bands. Today, AlN is in most, or even in all, cases the preferred material for TFBARs. The first reason is that the relevant properties of AlN are sufficient to reach specifications for RF filters in mobile telecommunication. In addition, AlN can handle higher power levels than ZnO because its thermal conductivity is larger and its dielectric losses are lower. Furthermore, its chemical composition complies with semiconductor fabrication requirements, and thus constitutes the ideal material for above-IC integration. First, above-IC integration of AlN FBAR filters has been successfully demonstrated in planar integration on GaAs devices [13] , and more recently in vertical integration above Si ICs [14] .
TFBARs exploit the fundamental, thickness extensional mode of a piezoelectric plate that is much wider than thick, as schematically drawn in Fig. 1 . The amplitude of this mode points along the z-direction. The strains in the layer plane are zero [15] , because lateral displacements cannot follow the thickness vibration. The relation between materials properties, microstructures, dimensions, and final properties is quite complex. Nonetheless, it has always been a major goal of device development to understand the underlying microstructure-property relations of the involved materials [1] , and to characterize as much as possible on the level of single layers in order to be able to predict device properties of the actual multilayer resonators. Of course, nothing can replace the evaluation of resonators. Only these can finally yield the correct coupling constants and quality factors. It is however important for research and development to apprehend specific features of process-microstructure relations that are important for properties. This advances the understanding of basic mechanisms that eventually can be generalized. In addition, it is useful to dispose of measurement techniques that allow the assessment of properties before full device fabrication. The motivation for further research in this area arises from the need to improve the current performance of RF filters. Even relatively small improvements in coupling and quality factor might be paying in terms of filter characteristics and commercial success. In addition, there are further ideas for applications, for instance in the direction of microwave oscillators [16, 17] . In their case, highquality factors and temperature stability are crucial parameters. A very actual topicis the search for tuning possibilities. The tuning of frequencies could allow for a reduction in the number of filters in mobile phones.
In the following, some issues in the characterization of TFBARs and their materials are discussed. AlN is discussed in more detail while trying to find an answer to the question of how good AlN really is. This question is related to optimal substrates and microstructures. Later, the case of ferroelectrics is briefly presented, interesting for tunable filters. In this case, the control of microstructure in the large sense is very important.
The two materials properties of primary interest in making wide band filters are coupling factor k t 2 -defining the elastic energy stored in the plate for a given input electrical energyand quality factor Q m of the piezoelectric and further involved materials. The effective values obtained from a resonator characteristic depend on other features of the device, such as electrode properties.
For optimal coupling in a parallel plate capacitor, the polar c-axis of wurtzite structures must be grown perpendicular to the device plane, i.e. along z in Fig. 1 . The piezoelectric coupling is then expressed in terms of material properties as:
where e 33 , c 33 E , and 1 33 S are piezoelectric coefficient, stiffness at constant electric field (E) (or at constant displacement field D), and relative permittivity at constant strain S (or at constant stress T ), respectively.
The quality factor of materials is limited by viscous losses [18] . The elastic constants have an imaginary part proportional to viscosity h, with the same tensorial properties as stiffness:
A time constant t 1 can be defined as t 1 ¼ h/c, using the relevant stiffness constants c for the vibration mode in question, and the quality factor is then written as:
The product k t 2 Q m is introduced as a figure of merit for optimal resonator characteristics. (The ratio of the maximal to the minimal peak values of the impedance jZj is proportional to k 2 Q of the resonator.) Using standard literature values for AlN and ZnO, the values for k t 2 and Q m are obtained as given in Table 1 . This table shows that ZnO and AlN are approximately equivalent in terms of k 2 Q. In practice, this figure of merit amounts to 50 to 100 rather than to 160. The table thus suggests that improvements are still possible. Other criteria may, however, become very important as well. Filters in the transmission line must survive high power densities. It turns out that AlN can withstand larger voltages without break-down, and exhibits lower leakage currents than ZnO. In addition, AlN is a better heat conductor than ZnO. All these properties contribute to better power handling with AlN resonators.
I I I . I S P E R F O R M A N C E O F A L N B E T T E R T H A N E X P E C T E D ? P R E D I C T I O N S F R O M M I C R O S T R U C T U R E -P R O P E R T Y R E L A T I O N S
Our knowledge on the piezoelectric properties of pure AlN stems mainly from thin films. There are no single-crystal reference data for the simple reason that the growth of perfect single crystals has not been mastered yet. The measured piezoelectric properties of crystals do not reach Fig. 1 . Schematic drawing of a bulk acoustic resonance in a piezoelectric plate. The vertical dimension is very exaggerated. In the vibrating, active zone, the pressure amplitude for the fundamental mode is sketched. The trapped wave has half the wavelength within the slab thickness. Table 1 . Relevant materials parameters for TFBAR applications for the two most used wurtzite thin films, as derived from standard literature data [18, 19] . those of thin films [20] . For a long time, properties evaluated at SAW structures of epitaxial single crystalline films grown at high temperature served as standard values [21] . Recent work indicates that the piezoelectric coefficients are probably larger.
A discrepancy exists especially with thin-film piezoelectric measurements based on interferometric techniques [22] . These measure the so-called clamped piezoelectric coefficient:
Likewise, one usually measures an "unclamped" transverse coefficient e 31,f , unclamped because the film is free to move along the vertical direction z, perpendicular to the film plane (crystal direction three as well):
In Table 2 , standard values are compared with recently published results from ab initio calculations [23] , direct measurements of piezoelectric coefficients of polycrystalline textured films [22] (see Fig. 4 ), and coupling coefficient measurements of resonators of similar films [24] . These recent works strongly suggest that the piezoelectric coefficients of thin films are larger than expected to date. The d 33,f value for very narrow rocking curve widths is extrapolated as 6.8 pm/V. This corresponds to k t 2 values of 8-9%. This value agrees very well with the extrapolated k t 2 of Löbl et al. [24] , where the coupling is depicted as a function of rocking curve width.
The high-quality performance of polycrystalline thin films is not at all evident, given the polycrystalline microstructure (Fig. 2) . However, the grains are very crystalline and oriented, as shown by the transmission electron microscopy (TEM) image and corresponding diffraction patterns (Fig. 3) . In case of Pt (111) electrodes with their hexagonal (111) surface planes, the hexagonal AlN structure tends to nucleate epitaxially on each Pt grain, thereby promoting (001) growth of AlN. However, this mechanism is not necessary to achieve (001) growth. This orientation can also be obtained on amorphous substrates. The crucial process parameter is rather the energy of bombarding positive ions originating from the sputter plasma [27] . There is interesting evidence from different deposition methods that (001) growth is promoted by ion bombardment of energies in the range 20-40 eV, as evidenced by arc deposition [28] and RF sputtering [29] . However, it is not precisely known what this bombardment is effectively doing on the level of atoms, apart from promoting surface diffusion.
Usually, rocking curve width is interpreted in terms of tilted c-planes. This tilt would then directly result from the roughness of the substrate, given that the first atomic plane of a nucleus is defined by substrate surface. The tilt by a few degrees cannot explain, however, why the piezoelectric effect should be reduced so drastically. For small tilt angles a, the piezoelectric coefficient e 33 should vary as: 
The upper index 0 indicates the standard piezoelectric coefficients with no tilt between E-field and c-axis. The values of the e-coefficients were taken from ref. [19] . This effect should not even be visible on the value scale of Fig. 4 . The discrepancy was also raised for a similar investigation dealing with the d 31 coefficient of ZnO films in beam structures [30] . The reason is thus completely different. A further argument against a direct relation of tilt and polar ordering is the fact that the growth of piezoelectric AlN with a homogeneously tilted c-axis is possible [31] [32] [33] , in spite of tilt angles being much larger than 58. The direction of the polar axis matters, quite obviously. The sign of piezoelectricity is linked to the direction of this axis, meaning that we should make the difference between (0, 0, þ1) and (0, 0, 21) orientations. A 1:1 mixture of these orientations yields zero piezoelectric effect. The mechanism that is responsible for the polarity choice is not well understood for low-temperature growth by sputtering. In high temperatures, for instance on sapphire at 900-10008C, the orientation is certainly imposed by interface and surface energies that are advantageous for one of the polarities. This effect cannot be the only mechanism at low temperatures. Ion bombardment and further plasma impacts (there is also electron bombardment) certainly play a role in polarity choice, because the energy of bombarding ions plays a role.
There is also evidence that substrate chemistry may play a role. Ruffner et al. [36] found an influence of Ru electrode preparation, i.e. the degree of oxidation of Ru that leads to values ranging from 23.5 to þ4 pm/V. The correlation with rocking curve widths would mean that the more perfect the growth approaches a kind of one-dimensional single-crystal growth with very extended c-planes, the better the relatively weak effect of mobility enhancement by plasma impact is able to promote one of the two polarities. Accordingly, one should interpret the rocking curve width as a correlation length issue rather than as a tilt issue. This is shown in Fig. 5 , where d 33,f is plotted against the correlation L / / , with the same data points as in Fig. 4 . This figure suggests that there is an asymptotic value of around 6 pm/V that is approached for large correlation lengths, and that the curve might well start at zero for very thin AlN films of a few atomic layers. Thicker films show a larger correlation length. The values of L / / correspond not too badly with the fiber-grain diameter, and thus with the in-plane grain boundary distance (see Fig. 3 ). In heteroepitaxial AlN on diamond, the correlation length was found to be about twice as large, i.e. 50 nm [35] .
I V . D E R I V A T I O N O F M A T E R I A L S P A R A M E T E R S F R O M R E S O N A T O R S
The English say that the proof of the pudding lies in its eating. One can argue analogously about materials qualities in an electro-acoustic device. Only the admittance or impedance curve tells us finally how good or bad the device as a whole is. Especially material quality factors can only be assessed by means of resonators. The problem is that several materials contribute with their losses. Resistive losses in electrodes become visible as well as acoustic losses in a gold electrode, for instance. There are thus a number of impacts we can assign to parasitic elements in the circuit. Resistive losses can be estimated from known metal conductivities, and by varying device geometries that change these losses in a defined way. The total circuit can be devised into a pure acoustic resonator (with admittance Y in Fig. 6 ) and parasitic elements. In the example shown in Fig. 6 , these were mainly a series resistor R s , a resistor taking care of dielectric losses R d , and a resistance R p originating from a slightly conductive substrate to which contact pads couple through a capacitor C p . The admittance of the pure acoustic resonator can be calculated by means of finite-element modeling or suitable 1D analytical theories such as derived in ref. [37] . A knowledge of the parasitics allows finally for testing the performance if one could avoid the latter, and thus to access intrinsic materials parameters. Of course, one has to be careful and test several designs to see whether all the elements vary accordingly. An example for such work is given in Fig. 7 . In this study, symmetric composite resonators of SiO 2 /AlN/SiO 2 are sandwiched between electrodes in order to increase the quality factor and decrease the temperature coefficient [17] . The acoustic quality factor of SiO 2 should be about a factor of 3-6 better than that of AlN, if we rely on data collected for quartz [18, 38] . This is justified by the fact that the SiO 2 films are not doped with impurities known to degrade the Q-factor.
V . F E R R O E L E C T R I C T F B A R S
There are several motivations to seek new TFBAR materials. One is to avoid the large area and the large thickness needed for AlN resonators near 1 GHz (e.g. the GSM band). As the electrical impedance of the resonators is usually fixed by circuit and interconnect design, independently of frequency, the area of a resonator scales as
where v s is sound velocity. Equation 7 shows that AlN is the champion at high frequency, where precision of lithography becomes the critical issue. At low frequencies, however, materials with low sound velocity and high dielectric constant appear to be better suited as they avoid too thick films and too large areas. In a ferroelectric, the ratio vs/1 is up to a factor of 200 smaller. Furthermore, many ferroelectrics exhibit larger coupling factors than AlN, and thus could allow for larger bandwidths or larger production tolerances. Finally, the polarization in ferroelectrics and paraelectrics can be changed by a superimposed DC electric field. The coupling coefficient can thus be varied within some limits, which could be attractive for tunable resonators [39, 40] . Ferroelectric TFBARs were explored in a number of works [28, 39, [41] [42] [43] . Despite large coupling constants k t 2 of up to 25%, the figure of merit k t 2 Q was always very limited and did not exceed a value of 20. The main problem is the low quality factor that is commonly achieved. An attractive feature is the large possible bandwidth; even more attractive is the tuning capability.
Tuning is achieved by means of a DC electric field that is superimposed on the RF signal. A frequency shift of about 3% is obtained with a single-polarity DC field. A hysteresis loop of k t 2 is shown in Fig. 8 . The quality factor problem is related to ferroelastic domains. The ferroelectric phase transition is usually accompanied by a distortion of the lattice. This distortion is defined in relation to polarization direction. In the case of uniaxial materials, the polarization direction is along the unique Fig. 6 . Complete resonator model with series and parallel resistors R s and R p , a parallel capacitance C p , and a parallel resistance R d corresponding to dielectric losses. The resonator Y corresponds to the 2D finite-element model (from ref. [17] ). Fig. 7 . TFBAR quality factor Q of a SiO 2 /AlN/SiO 2 composite resonator. The dotted line predicts the resonator performance based on finite-element modeling including acoustic losses, but without resistive losses. The filled square marks correspond to FEM calculation including the parasitic elements (as in Fig. 6 ). The round dots are experimental data (from [17] ). axis (c-axis), which is already defined in the para-electric phase. Hence, in a (001)-oriented film, the polarization is everywhere perpendicular to the film plane, and in the worst case ferroelectric strain causes homogeneous stress in the film (we obtain the same situation as in AlN). In materials without a unique axis, such as the perovskites, polarization may point along several directions. Considering the cubictetragonal transition, polarization may point along the [001] c , [100] c , and [010] c directions, where the index c indicates cubic notation. A purely random distribution of directions thus yields polarization only 1/3 perpendicular to the film plane if a (100)-oriented film was grown in the cubic phase. Reality is more complicated because the ferroelectric strains are different along the polarization direction than perpendicular to it. The resulting pattern of ferroelastic domains is governed by a thermodynamically driven equilibrium for diminishing elastic energy at a given overall strain dictated by the substrate. This phenomenon is well investigated in theory and experiment, and the reader is referred to the corresponding literature [45] [46] [47] [48] .
Most important in true ferroelectrics are phenomena related to domain wall motions and oscillations. It is known that the piezoelectric properties of morphotropic PZT ceramics are enhanced by domain wall displacements between ferroelastic domains by more than a factor of 2 [49] . Such information was obtained by freezing-in domain walls at cryogenic temperatures. Compatible to this picture is the observation that relaxations due to domain wall motions are observed at high frequencies in PZT and BaTiO 3 , typically of the order of 1 to a few GHz (see review in [50, 51] ). Figure 9 shows schematically the behavior of the permittivity of a piezoelectric resonator with domains (ceramics). At low frequencies the piezoelectric body can move freely. For a thin-film BAW, the only freedom is in the third dimension perpendicular to the film plane. At some given frequency, resonances occur defined by the geometry and dimensions of the body. At even higher frequencies, the mentioned relaxation is observed and permittivity drops by D1. The effect was explained by the ultrasonic emission of shear waves excited by domain wall oscillation, leading to a dielectric response of the form [51] :
As in the case of shape resonances, relaxation can be understood as resulting from trapped waves inside the domains. Waves are partially reflected at domain walls due to the orientation dependence of acoustic impedance. The relaxation time thus depends on shear wave velocity v sh and domain width d [51] :
The situation for a tetragonal film is schematically sketched in Fig. 10 . The electric field perpendicular to the film plane excites the longitudinal wave through piezoelectric strains or stresses as defined by the equation of state of the c-domain:
In the 908 domain, however, the external electric field goes along the 1-axis of the local crystal system, and a shear stress T 5 ¼ e 15 E 1 is created. As a consequence, domain walls are displaced. Because the piezoelectric film is clamped on the substrate (electrode), the domain walls are most likely well fixed at the bottom; however, they can move further up. The moving domain walls lead to acoustic emission of shear waves running in all directions. Dissipation occurs due to the relaxation term in equation 8, and also due to waves dispersed laterally in the structure. The 908 domain width is normally much thinner than the film. Nevertheless, BAW resonance (¼shape resonance) and domain wall resonances are expected to lie within the same frequency decade. This is even more the case because the shear velocity is smaller than the longitudinal one.
Thus it is important to control ferroelastic domains. Ideally, ferroelastic domains are avoided by using a substrate with large thermal expansion. In order to have small hysteresis, it is important to fix polarization well by a suitable poling process, and film composition. It is ideal to dispose of a material with no domain walls at all, as a monodomain ferroelectric, or alternatively a paraelectric such as SrBaTiO 3 . In such material the losses are expected to be smaller. Currently, a great deal of research is ongoing to advance this paraelectric TFBAR [40, 52, 53] .
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